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Abstract. An important motivation in the development of thenext generation x-ray light sources

is to achicve picosecond and sub-ps pulses of hard x-rays for dynamic studics of a varicty of
physical, chemical and biological processes. Present hard x-ray sources are either pulse-width or

intensity limited, which allows ps-scalc temporal resolution only for signal averaging of highly
repetitive processes. A much faster and brighter hard x-ray source is being developed at LLNL,

based on Thomson scattering of fs-laser pulses by a relativistic electron beam, which will enable
x-ray characterization of the transient structure of a samplc in a single shot. Experimental and
diagnostic techniques relevant to the development of next generation sources including the Linac
Cohercnt Light Source can be tested with the Thomson scattering hard x-ray source. This source

will combinc an RF photoinjector with a 100 MeV S-band linac. The photoinjector and linac

also provide an ideal test-bed for examining space-charge induced emittance growth cffects. A

program of becam dynamics and diagnostic cxperiments are plannced in parallel with Thomson
source development. Our experimental progress and future plans will be discussed.

INTRODUCTION

The use of ultrafast laser pulses to generate high brightness, ultrashort pulses of x-
rays is a topic of interest to the x-ray user community. Femtosecond-scale pump-
probe experiments can in principle be used to temporally resolve structural dynamics
of materials on the time scale of atomic motion. A Thomson scattering source is being
developed at LLNL to provide ultrashort (ps to fs) x-rays. With this machine we
intend to improve on the performance of a previously demonstrated Thomson source
at LBNL in which 300 fs, 30 keV pulses were generated [1,2]. Our ultimate goal is to
increase the x-ray brightness by four to five orders of magnitude.

Using a short-pulse laser, RF linac, and photoinjector, the LLNL source will
provide a means of performing pump-probe experiments on a sub-picosecond time
scale, with flux suitable for single-shot measurements. Single-shot measurement
enables experiments on samples undergoing irreversible damage: shocks, plasma
ablation, or ultrafast melting.

The LLNL Thomson scattering x-ray source combines a 35 fs laser system,
currently producing 0.6 J at a 1 Hz repetition rate, with a planned upgrade to 4 J with a
0.1 Hz repetition rate, a photoinjector capable of producing 5 MeV electron pulses
with charge up to 1 nC, pulse length of 0.2-10 ps, and normalized, rms emittance of 5



n mm-mrad, and an RF linac with output energy adjustable from 30 to 100 MeV.
Each subsystem is described below, including current progress and future plans.

PHOTOINJECTOR

The LLNL Photoinjector uses the BNL/SLAC/UCLA 1.6 cell, standing wave
accelerator geometry [3] The photoinjector cavity and diamond-turned cathode were
constructed using High Isostatic Pressure annealed OFHC Copper [4]. The
photocathode surface has a measured flatness of 79 nm peak-to-valley over a 2 inch
diameter (A/8 at 633 nm). With the experience of the groups involved in the
construction of previous photoinjectors, development of the LLNL photoinjector
progressed quickly. First metal cutting for the photoinjector began in December of
1998 at the UCLA Physics department precision machine shop. High power RF was
applied to the photoinjector in July of 1999. The first photoelectron beam was
produced in January of 2000.

In order to test the field profile of the photoinjector with the actual photocathode in
place, a ‘bead-drop” was performed where a dielectric bead was hung from the end of
a thin nylon line and lowered into the central axis of the photoinjector cavity. The
usual technique requires a second test cathode plane to be made with a hole in the
center for a string to pass through and suspend a bead in the horizontal direction:
‘bead-pull.” The result of the bead-drop measurement is presented in Fig. 1, in
comparison to the field profile generated by SUPERFISH, with a background image of
the pH, profile.
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FIGURE 1. Bead-drop characterization of photoinjector ficld profilc.

The photoinjector is currently operated separately from the RF linac, and has been
fully characterized using a diagnostic beamline. Characterization of the photoinjector



has included measurement of cavity Q and filling time, dark current, charge and
quantum efficiency, Schottky scan, energy, and emittance. Emittance has also been
characterized as a function of charge and pulse length.

The energy range of field emitted electrons (dark current) in the cavity ranges
broadly up to the peak beam energy. Characterization of the total field emission
through current collection with a Faraday cup or integrating current transformer is
subject to beam dynamics issues as the RF power and beam energy changes. An
equivalent measurement of the Fowler-Nordheim macroscopic field enhancement
factor B can be made by measuring the radiation produced by the gun as a function of
RF drive power [5]. A time-averaging radiation meter was placed at approximately
half a meter from the photoinjector and measured radiation levels up to 500mR/h with
RF drive power up to 7 MW. An image of the dark current emission, focused by the
photoinjector solenoids, and captured on a scintillator shows the emission from the
cathode surface and the iris between the two gun cells in Fig. 2.

FIGURE 2. Dark current imaged with photoinjector solenoids.

A plot of 1/E versus the logarithm of the dose rate divided by E is shown in Fig. 3,
and provides the means of measuring the field enhancement factor. The B value
measured for the LLNL HIP Copper photoinjector, taken from the slope of this plot
was 62.
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FIGURE 3. Fowler-Nordheim equivalent field emission plot.

The photoinjector cavity Ohmic Q was measured in cold test before and after
brazing, and had a final cold-test value of 13,000. The value predicted by
SUPERFISH, taking into account the loss of the Copper surface including the cathode
plane was 15,878. The Q value of 13,000 was also verified by examining the filling
time of the RF cavity with high power RF applied. The cavity fills with the
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characteristic Qo and empties with Q = [%Q + /Q ] = > Q, as shown in Fig. 4.
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FIGURE 4. High power measurement of photoinjector cavity Q.

A summary of the LLNL photoinjector RF characteristics is presented in Table 1.
The drive power and cathode peak field gradient correspond to production of a 5 MeV
photoelectron beam.



Table 1. Photoinjector cavity parameters.

Beam parameter Measured value
Pcak Cathode Gradient 112 MV/m
Drive Power 7.1 MW
Ohmic Q 13,000
Cavity |Sy | less than —-30 dB
Fowler Nordheim § parameter 62

Photoelectron current was first measured on January 21, 2000. The program of
beam measurements that followed this first beam production included Schottky
scanning, in order to determine the injection phase for optimum emittance, and
measurement of the total charge and quantum efficiency. An image of one of the first
photoelectron beam profiles measured with the system is shown in Fig. 5.

FIGURE 5. Phototn ‘ profile at 1m from cathode.

The photoelectron bunch charge has been measured using both Faraday cups and a
fast integrating current transformer. The peak charge per pulse that has been
measured to date is 0.4 nC, and was purposely limited due to the small UV spot size
on the photocathode. A full nC of charge extraction at high gradient with a small spot
size would approach the region where cathode damage can result [6].

The quantum efficiency of the photoinjector operating at 23 phase angle off of the
RF crest was measured as 2.2 107 using an integrating current transformer positioned
directly at the photoinjector output, and a calibrated UV energy meter monitoring a
split beam from the photocathode laser path. The required UV energy for 1nC of
charge is thus 300 uJ. The UV laser system has produced up to 400 W in its present
configuration. The IR (805 nm wavelength) pulse length produced by the laser
compressor is adjustable from 150 fs to more than 10 ps, giving a UV pulse length in
the range from less than 100 fs to more than 9 ps. The electron pulse length has not
been verified with a streak camera to date, and the electron pulse length is currently
assumed to equal the UV pulse length.

The electron beam energy was measured using the steering magnets that are part of
the diagnostic beamline. The steering magnet profile was integrated over a long



longitudinal range extending into the fringe field region to give more accurate
prediction of steering versus beam energy and magnet current. A linear fit of several
magnet deflections, with variation of the RF drive power confirm a beam energy of
4.95 MeV at the current RF drive power level of 7.1 MW.

The photoinjector electron beam emittance has been measured using a slit
collimator [7]. This technique removes space charge from the beam measurement,
and provides a single-shot means of measuring emittance through computer control
and analysis. Launch phase and solenoid settings were optimized in real time using
this diagnostic. The emittance as a function of beam launch parameters was
characterized over a wide range of charge, pulse length, and beam radius on the
photocathode. A schematic of the slit collimator arrangement is shown in Fig. 6. The
collimator-slit widths are 50 um, with collimator thickness is 5 mm, and the drift
length is 53 cm.

Collimator Scintillator
FIGURE 6. Collimator slit projection schematic.

An image of the photoelectron beam collected by the scintillator is shown in Fig. 7,
and the virtual instrument panel for the emittance diagnostic is shown in Fig. 8.

FIGURE 7. Collimator slit projection of photoinjector beam.
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FIGURE 8. Slit emittancec measurement virtual instrument panel.

The characteristics of the photoinjector for a specific pulse length are listed in
Table 2. The measured emittance should be sufficient for the planned Thomson
scattering source at 100 MeV, provided that excessive emittance growth through the
linac is not encountered. The design value for the normalized emittance is 10T mm-
mrad, which implies a physical emittance at 100 MeV of ~51um-mrad. With a 20 cm
focal length final electron optic, and a 1 mm entrance spot radius (Smr convergence)
the emittance limited spot size is ~10 pm. Since the focal spot size of the FALCON
laser beam with an F/10 optic is estimated to be 20 pum, the electron focal spot should
overlap well with the laser spot.

Table 2. Photoinjector beam parameters.

Beam parameter Measured value

Beam energy 5 MeV

UV laser pulsc length 7.1 ps FWHM

Bunch charge 200 pC

Emittancey s, n 5.8 T mm-mrad

Quantum efficiency 2.2x107 at 23° off RF crest
LASER SYSTEM

There are two laser systems included in the Thomson scattering project. The first is
the high power, short pulse ‘FALCON” laser [8,9] which produces 35 fsec, 0.6 J
pulses at 1 Hz repetition rate. This laser system is based on Ti:Sapphire, and relies on
chirped pulse amplification. The ultimate specification goal for the FALCON laser is
4 J pulse energy (~100 TW) with a repetition rate of 0.1 Hz using two 15 J custom-
built Nd:glass pump lasers. In addition to the Thomson scattering project, the
FALCON laser is used for a variety of laser-plasma and solid target interaction
experiments. A second laser system takes seed pulses from the FALCON master



oscillator and amplifies them for conversion to UV and photoelectron production.
When the FALCON laser, photoinjector, and linac are integrated, the same laser pulse
from the oscillator that is amplified through the FALCON laser amplifier chain will
also be amplified by the photoinjector laser system to produce electron pulses.

The FALCON oscillator, which drives both the high power laser amplifiers and the
photoinjector UV laser system is a Kerr-lens modelocked, Ti:Sapphire system with a
feedback loop controlling the cavity length and thus pulse repetition frequency. The
feedback system controls kHz level thermal and mechanical drifts. The laser oscillator
is not actively modelocked by an RF master oscillator, but instead provides the master
RF signal to the entire linac and photoinjector system.

100 MeV RF LINAC

The LLNL RF linac in its present configuration is composed of five travelling wave
accelerator sections, a thermionic injector and a travelling wave buncher. The
travelling wave accelerator sections are iris-loaded waveguides, and each section has
an overall length of 2.6 m, boosting the beam energy by up to 30 MeV. The
thermionic injector is a pulsed DC thermionic source, followed by a travelling wave
buncher that accelerates the beam from 150 keV to 3 MeV in a total length of 0.75 m.
The original purpose of the linac was to produce high average currents of electrons,
positrons, and intense pulse neutrons. The machine is thus capable of very high
repetition rates with long macropulses. In ‘long pulse mode” (up to 2.8 us
macropulses), the linac produces roughly 8000 micropulses per RF macropulse, with a
total of 2 uC per pulse, at a repetition rate up to 300 Hz. In this configuration, the
linac can produce 0.6 mA of average current, and 0.7 A during each RF macropulse.
In ‘Short pulse mode” (2-20 ns macropulses), the linac can operate at a repetition rate
of 1440 Hz, producing a macropulse current of 10 A, and an average current of 173
HA. The linac beam energy has been tuned over the range of 13 to 130 MeV, and the
emittance at 100 MeV has been measured as 260 T mm-mrady s, » integrated over one
macropulse, using the thermionic injector. While the high average current is
important for the continuing production of positron beams at the LLNL facility, the
Thomson scattering experiment relies on the low beam emittance provided by the
photoinjector, and requires a repetition rate of 10 Hz or less, matched to the laser
system.

A magnetic beam switchyard has been designed to pass the thermionic injector
beam around the photoinjector when high average current operation is desired. In this
way, the capabilities of both injector systems will be maintained by the LLNL
accelerator facility.

SYNCHRONIZATION

Thomson scattering the FALCON laser pulse with the linac electron beam requires
synchronization on the picosecond to sub-picosecond time scale. To date,
synchronization between an RF linac and modelocked laser system has been



demonstrated with an rms jitter of 2.2 ps by the E-144 collaboration at SLAC [10]. In
this case, linac RF was used to actively modelock a laser oscillator, which in turn

produced laser pulses for the Thomson scattering interaction. The LLNL system
instead uses a laser oscillator that also functions as the master RF oscillator at the 35"

subharmonic of the linac RF. The ultimate timing jitter between the laser puises and
electron pulses will be due to long time scale contributions: thermal and mechanical in
transport, and to fast time scale sources: jitter inherent to laser master oscillator, and
phase noise introduced in the RF system. Assuming that the slow time scale
contributions can be remedied by feedback loops with kHz bandwidth, the ultimate
limiting factor for final synchronization rests with inherent laser oscillator jitter and
RF phase noise. The LLNL system can improve upon previous synchronization
results for three key reasons described as follows.

First, the laser-electron jitter that arises from the inherent jitter of the laser master
oscillator will be minimized. Using the laser master oscillator as the source of the linac
RF allows the linac RF system to track laser oscillator phase changes up to the
characteristic frequency of the entire system. The question then becomes how fast the
RF system can respond to changes in the laser-produced RF phase. The photoinjector
cavity bandwidth is the limiting factor since its Ohmic Q is 13,000 (filling time is 725
ns). The response time is thus on the order of 1 ps, compared to RF amplifier
bandwidths, travelling wave accelerator filling times, and transmission line path
lengths, each of which add up to 10% to 100% of ns. The phase noise integration
bandwidth for the LLNL system corresponds to at most microseconds of reaction time.

The timing jitter of the laser pulses produced by a laser oscillator can be
characterized by integrating laser RF harmonic spectral noise [11]. A high-bandwidth
photodiode and a spectrum analyzer were used to make the jitter characterization of
the FALCON laser oscillator. The integration bandwidth is determined in the case of
an actively (externally) modelocked laser slaved to an RF system by the time between
application of the modelocking RF signal and the final interaction of the laser and
electron pulses. The integration bandwidth is larger, so the jitter is proportionately
larger. Additionally, if a master RF oscillator is used to bothmodelock a laser and
drive the linac RF system, jitter inherent to the laser oscillator driven by a perfect RF
sine wave has no chance of being tracked by the RF system over any bandwidth.

The LLNL (FALCON) laser oscillator was characterized with an inherent jitter of <
1.5 ps integrating over 1 Us to 1 ms, and a jitter of 5.5 ps integrating over > 1 ms. The
noise floor of the detector limited the accuracy of this measurement, and 1.5 ps jitter
should be considered a worst case estimate of ultimate system performance. The
spectrum of the 22™ harmonic of the FALCON oscillator 81 MHz RF is shown in Fig.
9. The noise floor was ~70 dB at frequencies more than | kHz from the harmonic
peak, and the resolution bandwidth was 100 Hz.



L

armonic of 81 MHz RF.

FIGURE 9. Laser oscillator spectrum of 22°° h

At the SLAC Gun Test Facility, jitter measurements were made using an
independent RF source to drive both a modelocked laser and the RF system, and using
the laser as the master reference [12]. The laser-electron jitter was measurably lower
in the case where the laser provided the master RF signal than in the case where the
laser and RF systems were driven by an external reference, demonstrating the
principle described here.

The second reason why the LLNL system will achieve low jitter is that phase and
amplitude control of each linac section can be accomplished at the mW RF power
level, allowing fast electronic feedback control of amplitude and phase. Each linac
section and the photoinjector are driven separately by a total of six Klystron
amplifiers, each in turn is driven by a booster amplifier with mW level RF reference
input. For systems where power is split in waveguide networks between accelerator
sections, mechanical phase and amplitude control is implemented, allowing only for <
kHz level corrections at. Short feedback loops built around individual Klystrons will
allow phase and amplitude flattening on a time scale short compared to the severalps-
long RF macropulses.

Finally, the laser transport and RF and beam transport systems are arranged so that
the same laser pulse from the FALCON master oscillator that produces the
photoelectron pulse also gets amplified for the final Thomson scattering interaction.
Shot-to-shot laser pulse jitter thus does not add directly to the jitter of the overall
system.

THOMSON SCATTERING AT 5 MeV

The first demonstration of Thomson scattering is planned using the 5 MeV beam
directly from the photoinjector interacting with a 30 mJ IR laser pulse produced by the
residual energy of the photocathode laser system. The interaction with the 5 MeV
beam is expected to produce 10 to 10° 600 eV photons per shot with an interaction
angle of 135 degrees between the electron and laser beams [13]. A drawing of the 5
MeV Thomson scattering experiment beamline is shown in Fig. 10.
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Figurc 10. Beamline for Thomson scattering at 5 McV.

A high field solenoid was chosen for the final focusing of the 5 MeV electron beam
for the initial Thomson scattering experiment. The peak field for the final focus
magnet is 3 kG, with a yoke radius of 2 cm, and a length of 7.5 cm. The focal length
at 5 MeV is 18 cm. Final focus parameter optimization involves a tradeoff between
the competing effects of emittance, energy spread, and spherical aberration. The
scaling of these effects can be represented by a quadrature addition [14].

-

R = [}%fo ) + Roz[%). +(ar) (1)

JO

Where R depends on the beam radius entering the solenoid Ry, the emittance €,
the lens focal length fy, the chromatic spread Af/f, related to the energy spread, and the
spherical aberration term A. The spherical aberration term is determined by
integrating the magnetic field through the solenoid at different radii. The POISSON
simulated fields were utilized for this calculation. Using the parameters of our
photoinjector and beamline, the competing effects and the total final radius were
plotted as a function of the beam radius entering the final focus solenoid as shown in
Fig. 11. This model assumes a continuous beam with uniform characteristics.
Because of the photoinjector beam dynamics, entering the final solenoid with the
optimum radius based on this model increases the energy spread significantly, which
in turn changes the chromatic term. The model does however demonstrate that the
optimization for the 5 MeV experiment is achieving the minimum energy spread.
Optimizing for this parameter, PARMELA simulations show that the configuration
planned for the experiment should focus a 100 pC, 2 ps electron pulse to a radius of
approximately 50 um (~90% of particles).
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With a 3 mm beam radius at the input of the final focus solenoid, the emittance,
chromatic, and spherical aberration effects contribute 1.6 um, 64 pum, and 16 um
respectively to the final spot radius. The energy spread Ay decreases significantly
with acceleration for short electron pulses. Therefore, at the future operating
conditions of 100 MeV, the emittance can be expected to have a more dominant effect
on the final focus spot size.

BEAM DYNAMICS AND DIAGNOSTIC EXPERIMENTS

In addition to the Thomson scattering experiment, the photoinjector and 100 MeV
RF linac also provide an i1deal test-bed for examiningspace-charge induced emittance
growth effects. A program of beam dynamics and diagnostic experiments are planned
in parallel with Thomson source development for both the photoinjector, and the linac.
So far a new emittance measurement technique has been demonstrated on the RF linac
in order to characterize the beam produced by the thermionic injector. Based on
optical transition radiation interferometry (OTRI), the emittance measurement system
images and optically masks the OTRI produced by the electron beam passing through
a pair of thin foils [15]. Scanning the optical mask through the electron beam allows
the divergence to be measured as a function of position within the beam envelope. A
proof of principle experiment was conducted to show the differences in divergence
and average direction of the beam particles as a function of transverse position within
the beam. Determination of the phase-space ellipse tilt using this technique changed
the measured value of emittance by 45% compared to the assumption that the beam
was exactly at a waist. This technique also allows real time tuning of the beam



convergence at the diagnostic foil plane. This new diagnostic technique will be used
to optimize the Thomson scattering interaction at 100 MeV.

Using the photoinjector, measurements of the emittance using the quad scan
technique and slit collimator technique are being compared as a function of plasma
wavelength at the photocathode. The LLNL system can be used to investigate a wide
range of plasma parameters since the IR pulse length is adjustable from 150 fs out to
several ps. Since the quad-scan technique of emittance measurement is susceptible to
space charge forces at low beam energy, the quad-scan and slit collimator emittance
results are expected to diverge as the plasma wavelength decreases.  This
measurement and its implications are currently being examined.
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L 7S ®

Emittance [mm mrad]
normalized, rms
w

.

100 300 500 700 900 1100 1300 1500
Plasma wavelength [cm]

R

FIGURE 12. Photoinjector beam emittancc scaling with plasma wavelength.

SUMMARY

Present hard x-ray sources are either pulse-width or intensity limited, which allows
ps-scale temporal resolution only for signal averaging of highly repetitive processes.
A Thomson scattering source is being developed at LLNL to provideultrashort (ps to
fs) x-rays. Using a short-pulse laser, RF linac, and photoinjector, the source will
provide a means of performing pump-probe experiments on a sub-picosecond time
scale, with flux suitable for single-shot measurements. Experimental and diagnostic
techniques relevant to the development of next generation sources including LCLS can
be tested with the Thomson scattering hard x-ray source. This source will combinean
RF photoinjector with a 100 MeV S- band linac and will also provide an ideal test-bed



for examining space-charge induced emittance growth effects. A program of beam
dynamics and diagnostic experiments are planned in parallel with Thomson source
development.

After the Thomson scattering demonstration at 600 eV is complete, the next major
step is the installation of the photoinjector on the Linac. Propagating the electron
beam through the linac, and characterization of the 100 MeV beam will follow
photoinjector installation. Compression of the FALCONbeam, and delivery of the
laser beam to the linac interaction region will proceed in parallel. First demonstration
of Thomson scattered light from the linac beam and FALCON laser pulses represents
the key milestone of the project.
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